Introduction
============

Epithelial ovarian cancer (EOC) affects females worldwide, and is the fifth highest cause of mortality from malignancy in females ([@b1-ol-0-0-5954]). The majority of patients with EOC are diagnosed at an advanced clinical stage, since they are asymptomatic until the tumor has metastasized on the surface of the peritoneum ([@b2-ol-0-0-5954]). Surgery combined with chemotherapy is the main strategy for treatment, but this has a poor outcome. Furthermore, 75% of patients with advanced stage EOC develop recurrences and succumb to mortality within 5 years from the point of diagnosis ([@b3-ol-0-0-5954],[@b4-ol-0-0-5954]). The histological subtypes of EOC include mucinous, serous, endometrioid and clear cell carcinoma ([@b5-ol-0-0-5954]). The pathogenesis of EOC is a complex process that involves interactions among chemokines, chemokine receptors, environmental influences, inflammatory cells, hereditary factors and cancer suppression and progression mechanisms ([@b6-ol-0-0-5954]).

Chemokines and chemokine receptors have previously been studied due to their involvement in cancer progression, including proliferation, migration, invasion and angiogenesis ([@b7-ol-0-0-5954],[@b8-ol-0-0-5954]). C-X-C motif chemokine ligand 8 (CXCL8), C-C motif chemokine ligand (CCL)2 and CCL5 have previously been reported to be associated with cancer progression ([@b9-ol-0-0-5954],[@b10-ol-0-0-5954]). Chemokines may be mediated by transcriptional activity and posttranslational regulation ([@b10-ol-0-0-5954]). Duffy antigen receptor for chemokines (DARC) is an atypical chemokine binder, incapable of transmitting signals via the classic G-protein-mediated signaling pathways. DARC is able to efficiently internalize its cognate chemokine ligands and act as a scavenger. Multiple previous studies have demonstrated that DARC serves an inhibitory function in breast cancer growth and progression by sequestration of pro-malignancy chemokines ([@b11-ol-0-0-5954]--[@b13-ol-0-0-5954]). However, the association between DARC and EOC remains unknown.

Chemokines promote angiogenesis by interaction with EOC cells. In EOC, tumor derived vascular endothelial growth factor promotes tumor angiogenesis ([@b14-ol-0-0-5954]). Angiogenesis is essential for tumor growth ([@b15-ol-0-0-5954]). DARC is widely expressed on vascular endothelial cells and erythrocytes ([@b16-ol-0-0-5954]). DARC is also present on blood vessels and serves as a systemic barrier to tumor metastasis ([@b16-ol-0-0-5954]). Given the broad distribution of DARC within the body and its inhibitory effect on tumor progression and metastasis, the present study hypothesized that DARC may inhibit ovarian cancer growth and progression by angiogenesis. In order to investigate this hypothesis, the present study established a nude mouse model with subcutaneous primary ovarian cancer. The biological mechanism of DARC was subsequently analyzed.

Materials and methods
=====================

### Cell culture

The SKOV3 human ovarian cancer cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). The SKOV3 cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; HyClone; GE Healthcare Lifesciences, Logan, UT, USA) supplemented with 5% penicillin-streptomycin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). The SKOV3 cells were transfected with the lentiviral vector GV287-DARC-L.V-GFP (LVKL7847-2; Genechem Co., Ltd., Shanghai, China) containing a DARC overexpression construct, with the sequence: 5′ GAG GAT CCC CGG GTA CCG GTC GCC ACC ATG GGG AAC TGT CTG CAC AGG 3′, and an empty vector negative control (NC) GV287-NC-L.V-GFP (KL3120-1; Genechem Co., Ltd.) in the presence of 5 µg/ml polybrene (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and ENi.S (Genechem Co., Ltd.) for 16 h, following which the medium was replaced by DMEM supplemented with 10% FBS. The infection efficiency of lentivirus was determined under a Zeiss LSM 510 laser scanning confocal fluorescence microscope (Zeiss GmbH, Jena, Germany) 72 h following infection ([Fig. 1](#f1-ol-0-0-5954){ref-type="fig"}). The cells were counted manually in 5 fields of view. The DARC-transfected SKOV3 cells and mock-transfected SKOV3 cells were incubated at 37°C with 5% CO~2~.

### MTT assay

For the MTT assay, the SKOV3-DARC and SKOV3-NC cells were seeded at a density of 2,000 cells/well in 96-well plates 72 h following transfection. Subsequently, MTT reagent (20 µl, 5 mg/ml, cat. no., ab211091; Abcam, Cambridge, MA, USA) was added to each well and incubated for 1 h at 37°C. The remaining crystals were dissolved in dimethyl sulfoxide. The absorbance was evaluated at 492 nm. The assays were performed in triplicate.

### Murine model of ovarian cancer

A total of 10 female athymic nude mice (4--6 weeks old) weighing 15--18 g were purchased from Shanghai JiaoTong University School of Medicine (Shanghai, China) and housed at 18--20°C and a constant humidity of 60--70%, with *ad libitum* feeding schedules and as 12/12 h light/dark cycle. The nude mice were bred under specific pathogen free conditions. Protocols for the treatment of nude mice were approved by the committee of Shanghai First Maternity and Infant Hospital, Tongji University School of Medicine (Shanghai, China). The nude mice were randomly separated into two groups as follows: The DRAC group (DARC-transfected SKOV3 cells) and NC group (mock-transfected SKOV3 cells). To establish a subcutaneous model, nude mice from each group were injected with 0.10 ml DMEM containing 1×10^6^ SKOV3-DARC or SKOV3-NC cells. Mice were observed every week for tumor growth and appearance, and tumors were harvested 4 weeks following injection. Tumor diameter and tumor weights were recorded. The volume (V) of ovarian tumors was evaluated by the following formula: V = 1/ 2 × length × width^2^. Tumor tissues were fixed in paraformaldehyde for frozen slide preparation.

### Immunohistochemistry

For immunohistochemical analysis of the tumor sections, tumor samples were collected 4 weeks following injection and processed for frozen section analysis. Sections (8 µm thick) were prepared as follows: Tumor tissues isolated from nude mice were fixed in 4% paraformaldehyde, sectioned and mounted on slides. The slides were fixed in cold acetone for 15 min without antigen retrieval. Following washing with PBS, endogenous peroxide was blocked with 3% H~2~O~2~ in PBS for 15 min at 20--22°C. Slides were blocked with 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) and 10% normal goat serum (Sigma-Aldrich; Merck KGaA) in PBS for 50 min at room temperature, followed by incubation with primary antibody (mouse monoclonal CD31; cat. no., Ab28364; dilution, 1:80; Abcam, Cambridge, MA, USA) in PBS overnight at 20°C. Secondary antibody (Biotin-SP-conjugated Affinipure goat anti-rabbit immunoglobulin G; cat. no., A8275; dilution, 1:350; Sigma-Aldrich; Merck KGaA) in PBS was added for 45 min at 37°C and horseradish peroxidase (HRP; dilution, 1:500; Sigma-Aldrich; Merck KGaA) was added for 35 min at 37°C. Subsequently, HRP was detected using 3,3′-diaminobenzidine (DAB) as a substrate with a 100 sec incubation period at 20--22°C, followed by washing and counter-staining with hematoxylin (Sigma-Aldrich; Merck KGaA). Microvessel density (MVD) was determined from five random high power fields using light microscopy. Vessels with a well-defined lumen or linear vessel shape were observed for blood microvessel analysis. The negative control was prepared by replacing CD31 with PBS under the same conditions as the primary antibody.

### Statistical analysis

Statistical analyses were performed using SPSS version 22.0 software (IBM SPSS, Armonk, NY, USA). Data were expressed as the mean ± standard deviation. An unpaired Student\'s t-test was used to determine P-values. Levene\'s test was used to assess the homogeneity of variance. Continuous variables in the figures were presented as the mean ± standard error of the mean. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Overexpression of the DARC molecule in SKOV3 cell line

To investigate the anti-malignant functional significance of DARC in ovarian cancer, a DARC-overexpressing SKOV3 cell line was generated *in vitro* ([Fig. 1](#f1-ol-0-0-5954){ref-type="fig"}, at ×200 magnification). The infection efficiency of SKOV3 cells was evaluated by observing concomitant green fluorescent protein (GFP) expression. There was no significant difference between GFP expression of SKOV3-DARC and SKOV3-NC cells observed (P\>0.05).

### DARC inhibited EOC viability in vitro

To determine whether DARC expression affected the viability of SKOV3 cells *in vitro*, an MTT assay was performed. DARC overexpression demonstrated a significant effect on cell viability when compared with SKOV3-NC cells. The number of SKOV3-DARC cells was significantly decreased (1.19×10^4^±21.01) compared with SKOV3-NC cells (1.38×10^4^±366.09; P=0.001; [Fig. 2](#f2-ol-0-0-5954){ref-type="fig"}).

### DARC inhibited EOC development in vivo

To investigate the inhibitory function of DARC on tumor development, the present study established a subcutaneous model to observe ovarian cancer growth in nude mice (n=5). Nude mice were injected with 0.10 ml DMEM containing 1×10^6^ SKOV3-DARC or SKOV3-NC cells. The experimental group demonstrated decreased tumor volume (mm^3^) on day 21 and 28 post-injection ([Fig. 3](#f3-ol-0-0-5954){ref-type="fig"}). The tumor volume of the SKOV3-DARC group (21.24±4.75 mm^3^) was significantly lower at day 21 compared with the SKOV3-NC group (67.48±36.13 mm^3^; P=0.045). At day 28, the tumor volume of the SKOV3-DARC group (36.30±16.38 mm^3^) was also lower compared with that of the SKOV3-NC group (158.43±108.66 mm^3^; P=0.038). Furthermore, the present study compared the tumor weight between the SKOV3-DARC and SKOV3-NC groups at the time of sacrifice ([Fig. 4](#f4-ol-0-0-5954){ref-type="fig"}). The tumor weight of the SKOV3-DARC group (0.55±0.13 g) was lower compared with the SKOV3-NC group (1.40±0.72 g) on day 28 (P=0.032; [Fig. 4](#f4-ol-0-0-5954){ref-type="fig"}). The tumors of the SKOV3-DARC group were, in general, smaller compared with those of the SKOV3-NC group ([Fig. 5](#f5-ol-0-0-5954){ref-type="fig"}). Therefore, it was revealed that DARC expression regulated ovarian cancer cell proliferation *in vivo*.

### DARC inhibited EOC progression by anti-angiogenesis in vivo

Tumor growth and progression depend on angiogenesis. To determine whether DARC expression-induced inhibition of cancer growth was associated with tumor angiogenesis, CD31 staining in tumor sections was performed. MVD was analyzed at ×200 magnification. The expression of CD31 was confined to the cytomembrane of vascular endothelial cells ([Fig. 6](#f6-ol-0-0-5954){ref-type="fig"}). MVD in the DARC group (11.04±1.76) was lower compared with the NC group (17.32±3.55) in tumor sections of nude mice (P=0.008; [Fig. 6](#f6-ol-0-0-5954){ref-type="fig"}). These results revealed that DARC expression inhibited ovarian cancer growth by decreasing tumor angiogenesis.

Discussion
==========

Chemokines are multifunctional secreted peptides that are involved in regulating leukocyte migration, malignancy progression and metastasis. Chemokines may facilitate tumorigenesis by providing an inflammation microenvironment for tumor cells. The functions of chemokines include directly influencing tumor growth, transformation and metastasis, and indirect functions affecting tumor-leukocyte interactions and tumor angiogenesis. Solid tumors contain various types of stromal cells, including endothelial cells and fibroblast cells. In addition, tumors are infiltrated with inflammatory cells, including macrophages, neutrophils and lymphocytes. These all contribute to the microenvironment for the growth and metastasis of tumor cells. Chemokines may attract macrophages, which affect tumor progression ([@b17-ol-0-0-5954]). C-X-C motif chemokine ligand 12 and C-X-C motif chemokine receptor 4 have been demonstrated to be involved in peritoneal metastasis of ovarian cancer and gastric cancer ([@b18-ol-0-0-5954]). However, the mechanism of these chemokine factors remains unknown.

Atypical chemokine receptors, which include DARC, C-C chemokine receptor type 11 and D6, may act as scavengers and internalize their cognate chemokine ligands. DARC is not only a receptor for the malaria parasites, plasmodium knowlesi and plasmodium vivax, but is also known to be a typical decoy receptor that binds with CC chemokines and CXC chemokines ([@b19-ol-0-0-5954]). DARC lacks the Asp-Arg-Tyr motif to enable G protein coupling in the second intracellular loop ([@b20-ol-0-0-5954],[@b21-ol-0-0-5954]). When a ligand binds to DARC, it doesn\'t induce G protein-coupled signal transduction and Ca^2+^-flux ([@b22-ol-0-0-5954]). DARC, which is specialized for chemokine sequestration, may regulate chemokine bioavailability by binding its chemoattractant ligands without activating its signal transduction cascades for tumor cell migration ([@b23-ol-0-0-5954],[@b24-ol-0-0-5954]). DARC is unable to induce signaling responses by binding to a ligand so that it appears to be a scavenger of multiple chemokines ([@b25-ol-0-0-5954]). Thus, it is also proposed to limit tumorigenesis, tumor growth and metastasis. Certain previous studies have demonstrated that DARC is a negative regulator of lung caner and prostate cancer ([@b26-ol-0-0-5954],[@b27-ol-0-0-5954]). The present study hypothesized that DARC may inhibit the proliferation and growth of human ovarian cancer *in vitro* and *in vivo*, which indicated that the intratumor chemokine network may be partially modulated by DARC.

Angiogenic chemokines have been reported to involved in tumor angiogenesis. Certain chemokines may promote an inflammatory microenvironment for tumor initiation, growth, angiogenesis, progression and metastasis, whereas others may suppress tumor proliferation by promoting antitumor immunity ([@b28-ol-0-0-5954]--[@b30-ol-0-0-5954]). The capture and clearance of angiogenic chemokines may induce inhibition of tumor growth and proliferation. The present study hypothesized that DARC, as a silent chemokine receptor, is able to selectively bind to angiogenic chemokines and inhibit tumor angiogenesis. MVD, as an indicator of angiogenesis, has been used for the evaluation of tumor angiogenesis in multiple types of human tumors. A previous study revealed that DARC induced tumor neovascularity inhibition in breast cancer ([@b13-ol-0-0-5954]). The present study demonstrated that the inhibition effect of DARC on tumor progression was associated with MVD.

The present study observed that DARC decreased SKOV3 cell proliferation *in vitro*. It was also revealed that DARC inhibited SKOV3 cell growth *in vivo*, and that the SKOV3-DARC tumor volumes were smaller compared with SKOV3-NC tumor volumes. The present study demonstrated that the SKOV3-DARC tumor weights were lower compared with the SKOV3-NC tumor weights. Furthermore, the MVD was confirmed to be positively associated with DARC expression. The present study suggested that DARC may inhibit EOC growth and metastasis via an anti-angiogenesis effect. This result is partially consistent with certain previous studies in other types of cancer, including non-small-cell lung cancer ([@b26-ol-0-0-5954]), breast cancer ([@b13-ol-0-0-5954],[@b31-ol-0-0-5954],[@b32-ol-0-0-5954]), thyroid cancer ([@b20-ol-0-0-5954]) and laryngeal squamous cell carcinoma ([@b33-ol-0-0-5954]). The inhibitory effect of DARC on ovarian cancer growth and metastasis is mainly due to its ability to sequester pro-malignant chemokines. Furthermore, the anti-metastatic and anti-angiogenesis functions of DARC were reported to be derived from the interaction between the tumor suppressor gene kangai 1 and DARC on vascular endothelial cells ([@b34-ol-0-0-5954]).

In conclusion, the present study demonstrated that overexpression of DARC was associated with inhibited tumor growth, proliferation and tumor angiogenesis of ovarian cancer. Further experiments investigating DARC and chemokines are required in the future for exploring their potential as neo-therapeutic targets in EOC.
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![Expression of SKOV3-DARC and SKOV3-NC cells by stable transfection. (A) The infection efficiency of NC-transfected SKOV3 cells was determined using a fluorescent microscope. (B) The infection efficiency of DARC-transfected SKOV3 cells was evaluated using a fluorescent microscope. Scale bar, 100 µm. DARC, Duffy antigen receptor for chemokines; NC, negative control.](ol-13-06-4302-g00){#f1-ol-0-0-5954}

![DARC inhibited epithelial ovarian cancer cell viability *in vitro*. The number of SKOV3-DARC cells was significantly lower compared with SKOV3-NC cells. DARC, Duffy antigen receptor for chemokines; NC, negative control.](ol-13-06-4302-g01){#f2-ol-0-0-5954}

![Tumor volume of the DARC group and NC group in the murine subcutaneous tumor model. The tumor volume (mm^3^) of the DARC group was significant lower compared with the NC group. (Volume=1/2xlengthxwidth^2^). DARC, Duffy antigen receptor for chemokines; NC, negative control.](ol-13-06-4302-g02){#f3-ol-0-0-5954}

![Tumor weight of the DARC group and NC group in the mice subcutaneous model. The tumor weight (g) of the DARC group mice was significantly lower compared with the NC group mice. DARC, Duffy antigen receptor for chemokines; NC, negative control.](ol-13-06-4302-g03){#f4-ol-0-0-5954}

![Image of the DARC group and NC group tumors. The tumors of the (A) NC group were larger compared with those of the (B) DARC group. DARC, Duffy antigen receptor for chemokines; NC, negative control.](ol-13-06-4302-g04){#f5-ol-0-0-5954}

![DARC inhibited epithelial ovarian cancer progression by anti-angiogenesis *in vivo*. (A) The expression of MVD was observed by immunohistochemistry in the NC group at (A) ×200 magnification; scale bar, 100 µm and (B) at ×400 magnification; scale bar, 50 µm. (C) The expression of MVD was observed by immunohistochemistry in the DARC group at ×200 magnification; scale bar, 100 µm and (D) at ×400 magnification; scale bar, 50 µm. (E) The MVD of the DARC group was significantly lower compared with the NC group. DARC, Duffy antigen receptor for chemokines; NC, negative control; MVD, microvessel density.](ol-13-06-4302-g05){#f6-ol-0-0-5954}
